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AESTRACT 

This status report  summarizes the  research work 

carr ied out during the  period from December 1, 1965 t o  

May 31, 1966 re l a t ing  t o  the  d i g i t a l  computer processing of 

data describing a rb i t ra ry  solids.  

undertaken consisted of the  hidden-line problem, the  searching 

of a contour map for  a specified t e r r a i n  a l t i t u d e  prof i le ,  t he  

development of a general three-dimensional data  processing system 

f o r  a PDP-5 computer ( G W H P A K  I ) ,  and a study of the  recog- 

n i t ion  of three-dimensional objects from one o r  more of t h e i r  

perspective projections.  
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INF0~4ATIOW PROC&SING 9T 
DATA DESCRIBING ARBITRARY SOLIDS 

I. INTRODUCTION 

1.1 General 

This &&US report describes the  research studies carr ied out 

i n  t he  Department of Elec t r ica l  Engineering, New York University, during 

the  period from December 1, 1965 t o  May 31, 1966, re la t ing  t o  the  infor- 

mation processing of data describing a rb i t r a ry  sol ids .  The work w a s  

sponsored by t h e  l?ational Aeronautics and Space Administration under 

grant MGR-33-016-038, and completes t h e  first half  of a planned two-year 

program. 

1.2 Statement of Objective 

The objective of t he  research i s  to develop techniques f o r  the  

analysis  end manipulation of a rb i t ra ry  three-dimensional geometric con- 

f igurat ions by means of a d i g i t a l  computer. 

i n t e r e s t  is  tha t  of obtaining perspective projections of sol ids  i l l umi -  

nated by an a r b i t r a r i l y  located point source of l i gh t .  

[ m m p t t = ~  algorithms) t o  be develoyed are t o  f a c i l i t a t e  t h e  solution of 

t h i s  problem as well as t o  be of general u t i l i t y  t o  the solution of a 

va r i e ty  of other problems t h a t  involve the  computer manipulation of 

data  describing three-dimensional objects. 

One problem of pa r t i cu la r  

The techniques 

1.3 Investigations Undertaken 

Four spec i f ic  investigations were undertaken as par t  of t h i s  
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research effort during the past year. 

a programming system for obtaining perspective projections of three- 

dimensional objects ( G W H P A K  I), (2) a study of the topological and 

geometric properties of terrain contour maps and the utilization of these 

properties in the solution of the contour-map search problem, ( 3 )  the 

development of an efficient algorithm for the solution of the "hidden- 

line" problem, and (4) a study of means for reconstructing a three-di- 

mensional object from one or more of its perspective projections. The 

results to date are briefly summarized in the following sections of this 

These are (1) the developnent of 

report. All four investigations are being continued into the second yeas. 
I 
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11. G W H P A K  I 

t 

GRAPHPAK I is  a man-computer interact ion program wri t ten f o r  

a PDP-5 computer" t h a t  permits t h e  manipulation of data  describing a 

three-dimensional figure "on l ine"  under operator control. The figure 

may be any arb i t ra ry  three-dimensional "wire-frame" f igure  having up 

t o  64 ver t ices .  The coordinates of the ver t ices  as well as all the  

l i n e s  connecting ver t ices  must be entered i n  t h e  computer by the  operator. 

The operator may then ins t ruc t  t he  computer t o  ro t a t e  the  f igure ,  t o  

t r a n s l a t e  it, t o  change i ts  sca le ,  or t o  change the  distance from the 

figure t o  the  observer (thereby changing the  perspective).  The operator 

m a y  also change the  coordinates of any of the  ver t ices  o r  the  l i nes  con- 

necting ver t ices .  A t  any t i m e  he may request a p lo t  on a CALCOLW p l o t t e r  

of t h e  f igure as currently stored i n  t he  computer memory. A t r u e  per- 

spective projection of the  f igure w i l l  then be obtained r e l a t ive  t o  the 

specif ied posit ion of the observer. To obtain an isometric projection, 

it i s  merely necessary t o  make the distance. t,d the  observer very large. 

The d e t a i l s  of t h i s  program, together with i l l u s t r a t i o n s  of some of i t s  

1 capabi l i t i es  are described i n  a report published during the  past  year. 

GRAPHPAK I is  t o  be regarded as merely an i n i t i a l  s tep  toward 

obtaining an e f fec t ive  compuker program f o r  the  manipulation of data  

describing three-dimensional objects. Relatively modest objectives were 

set f o r  t h i s  i n i t i a l  e f f o r t  so tha t  the  computer program could be completed 

and made usable i n  a short  time. In  t h i s  way experience with such a 

"Manufactured by Digi ta l  Equipment Corporation, Maynard, Massachusetts. 
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man-con?puter program could be obtained at  an ear ly  stage of the work, 

and the results used t o  p lan  f o r  an -roved program at  a later stage. 

A t  t he  present time t he  most serious obstacles t o  increasing 

the  capabi l i ty  of GRAPHPAK are  t h e  lack of a.n on-line oscilloscope 

with l i g h t  pen and the  l imited memory of the  PDP-5 computer (4096 words). 

Plans are being made t o  overcome both these l imitat ions during the  next 

year. I n  the meantime the  program research work is being continued (on 

an "off-line" basis, however) on an IBM 360 computer. 

al ly  t o  t i e  t h e  two computers together and then t o  have the  PDP-5 serve 

as a remote, programmable console t o  t h e  IBM 360. 

It i s  hoped eventu- 
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111. THE CONTOUR-MAP SEARCH PROBL3.I 

As par t  of the  research e f for t  i n t o  the  processing of data 

describing a rb i t ra ry  sol ids ,  the  solution of the  so-called contour-map 

search problem was  undertaken. 

assumed t o  f l y  a path of known shape but unknown location or or ientat ion 

over terrain f o r  which a contour map i s  available.  

t he  height of the  t e r r a i n  below the  a i r c r a f t  as a function of distance 

along h i s  f l i g h t  path, thereby obtaining a t e r r a i n  a l t i t ude  p r o f i l e  f o r  

the  f l i g h t  path. Upon return t o  base, the  t e r r a i n  a l t i t ude  p ro f i l e  is 

entered i n  a computer together with the  complete contour map data f o r  

the  t e r r a i n  over wMch t h e  f l i g h t  is believed to have occurred. 

then t h e  task  of the  computer rapidly and e f f i c i en t ly  t o  loca te  the  f l i g h t  

path on the  contour map. 

I n  t h i s  problem an a i r c ra f t  p i l o t  is  

The p i l o t  records 

It is 

A variat ion of t h i s  problem is  contour-map navigation, i n  which 

an a i r c r a f t  i s  navigated on the basis of t e r r a i n  a l t i t ude  information 

using an on-board computer with stored contour-map data. 

Applications of contour-map searching (or  navigating) f o r  air- 

c r a f t  can be expected t o  be limited t o  special  s i tuat ions because of t he  

iiiiit?ji i L te r~ . l t . e  position-locating and navigating means available on the  

surface of the  Earth. 

it is  independent of weather conditions and electromagnetic disturbances. 

N o  l imi ta t ions  a re  imposed on length of f lying t i m e  or  amount of ma- 

neuvering permitted. 

t e r r a i n  ex is t .  Moreover i n  areas where other navigating means a re  not so 

An advantage of the  contour-map technique i s  t h a t  

It i s  merely necessary t h a t  contour maps of the  
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readi ly  available,  such as on the surface of the  mGon o r  below the sur- 

face of the sea, contour map searching may be the  only means f o r  lo- 

cating one's posi t ion with any degree of precision. 

The d i f f i cu l ty  associated with the  contour-map searching prob- 

l e m  does not l i e  i n  the  concept of the problem i t s e l f  but ra ther  i n  the  

necessity of finding an e f f ic ien t  way t o  accomplish the searching. The 

problem belongs t o  the  c lass  of the  so-called la rge-scde  problems which 

are ident i f iab le  by t h e i r  character is t ic  of having enormous data process- 

ing requiremenents. 

b i l i t i e s  of even the  la rges t  computers as soon as rea l i s t ic -s ize  s i tua t ions  

are considered. The solution of these problems thus i s  not the  finding 

of some algorithm t h a t  i s  theoret ical ly  capable of yielding tht? desired 

r e s u l t s  - a brute-force method i s  h o s t  always readi ly  at hand - but 

r a the r  i n  finding a heur i s t ic  scheme t h a t  nakes it feas ib le  t o  solve the  

problem i n  a reasonable time on a computer. 

This usually means t h a t  they l i e  beyond the capa- 

I n  t he  approach taken here, use w a s  made of cer ta in  contour-map 

2-4 
encoding and analysis techniques developed e a r l i e r .  It w a s  found t h a t  

t h e  solution of t he  contour-map searching problem could be great ly  simpli- 

f i e d  by first constructing a graph which displays the  topology of t h e  con- 

t o u r  map. Such a graph enables one quickly t o  eliminate large sections UT 

t h e  map as areas where the  f l i g h t  path associated with a par t icu lar  te r rP , ln  

a l t i t u d e  prof i le  could not possibly be located. 

few "eligible" areas, the  scope of the  problem i s  severely r e d ~ c e d . ~  

example, if t h e  t e r r a i n  a l t i t ude  p ro f i l e  shows two a l t i t ude  peaks of 10,000 

meters separcted by a valley of an a l t i t ude  of 4000 meters, c lear ly  only 

By thus leaving only a 

For 
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I 

those areas of t he  contour map need be searched where such an a l t i t u t e  

pa t te rn  ex i s t s .  

After t he  contour map search has been narrowed t o  the  "eligible" 

areas on the  basis of t h e  map' s purely topological p r o p a t i e  s a second 

search phase i s  entered i n  which the  map's geometric properties are con- 

sidered. 

s t ructed i n  which the  f l i g h t  path may l i e .  

searched first t o  see i f  a precise  fit of the  t e r r a i n  a l t i t u d e  p ro f i l e  i s  

possible;  i f  not, t he  next-likely maze i s  examined, e t c . ,  u n t i l  t he  best  

f i t  of t h e  p ro f i l e  i s  achieved. A t  t h i s  point t h e  f l i g h t  path w i l l  have 

been located on the  contour map. 

From these geometric properties,  maze-like regions a re  con- 

The most l i k e l y  maze i s  then 

During t h e  past  year a report was wri t ten describing the  i n i t i a l  

pa r t  of the  search procedure, t h a t  is, the  par t  using the  map's topolo- 

g i c a l  properties.  Subsequently the geometric-property procedure w a s  work- 

ed out and tes ted  by means of search problems on both simulated contour 

naps and on a contour map of t h e  Fall River Pass quadrangle i n  Colorado. 
8 

A l l  computations were performed on a CDC 6600 c o q u t e r .  The work has 

become the  subject of a doctoral disser ta t ion and i s  now nearly completed. 

The full r e su l t s  are expected t o  be published toward the  end of t he  summer 

of 1966. 

"Obtained from the  U.S. Geological Survey, Washington, D.C. 
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IV. THE HIDDE3-LINE PROBLE3l 

O f  par t icu lar  i n t e re s t  i n  the research described here i s  the  

problem of finding the  surface portions of an a rb i t ra ry  three-dimensional 

object t h a t  are v i s ib l e  t o  an observer at  a point p1 when t h e  object is  

illuminated from a source of l i g h t  located at some point p2, where the  

points p1 and p2 may be anywhere exter ior  t o  the  object. 

approach t o  solving t h i s  problem it was decided t o  r e s t r i c t  t he  objects 

t o  polyhedra. 

l y  t o  the  so-called hidden-line problem. 

of determining the  edges (or  p a r t s  of edges) of a polyhedron t h a t  are 

v i s i b l e  from an observation point not on the  surface. 

i s  illuminated from a point other than the  observation point ,  one must 

determine those edges (or  par t s  of edges) v i s ib l e  t o  both the  observation 

point - and the  illumination point.  

I n  the  i n i t i a l  

By considering only polyhedra, the  problem reduces essential-  

"his l a t t e r  problem i s  the  one 

If the  polyhedron 

During the  past  year an intensive study w a s  made t o  develop am 

algorithm f o r  solving the hidden-line problem f o r  the  general polyhedron.* 

J u s t  as with the  contour-map search problem, the  main d i f f i cu l ty  l i e s  i n  

finding an e f f i c i en t  procedure tha t  imposes minimal requirements of time 

and memory space on the  computer. EoWevsr, in the  contour-map search 

problem t h e  desired procedure i s  of t h e  heur i s t ic  type; f o r  t h e  hidden- 

line problem an zlgorithm is required. 

The first s tep  i n  the  work w a s  t o  f ind  a su i tab le  scheme f o r  de- 

scr ibing the  polyhedra. It appeared best  t o  describe the  polyhedra by 

giving the  X,Y,Z-  coordinates of t he  ver t ices ,  numbering the  ver t ices  

*The only polyhedron excluded was the  one-sided polyhedron, which l i k e  
t h e  Klein b o t t l e ,  has no d is t inc t  "inside" o r  "outside'!. 
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( i n  any order) , and then specif'ying the faces i n  terms of sequences of 

vertex numbers. 

for  each face i n  a clockwise sense when seen from the  exter ior  of t he  

polyhedron. 

normal of each face. 

The sequences were formed by simply l i s t i n g  t h e  ver t ices  

This scheme makes it very easy t o  determine the  outward 

An edge of a polyhedron may be invis ib le  f o r  two d i s t i n c t  reasons: 

(1) because it is  the intersect ion of two faces t h a t  are  directed away 

from the  observer, o r  (2) because the edge, although facing the  observer, 

i s  masked i n  par t  o r  i n  t o t o  by another par t  of the  polyhedron. Clearly, 

only t h e  first reason can apply i f  a polyhedron i s  convex. 

The principle  employed i n  the algorithm i s  t o  determine first all 

edges t h a t  are inv is ib le  f o r  reason (l), and then t o  f ind  those inv is ib le  

p a r t i a l l y  o r  t o t a l l y  fo r  reason (2). 

en t i r e ly  v is ib le .  

Any remaining edges w i l l  then be 

A t  the  present time, all major parts of the  algorithm have been 

outlined. Approximately half of the algorithm has already been program- 

med i n  FORTRAN and debugged on an IBM 360/30 computer. 

rout ine has been wri t ten and debugged on the  PDP-5 computer which w i l l  

p l o t  t h e  ac tua l  perspective projection of the  polyhedron, with ':visible" 

edges shown s o l i d  and "invisible" edges shown dashed f o r  any spzzifiec? 

exter ior  observation point. 

(described i n  Section 11). 

w i l l  enable the  routine t o  accept t he  data output from the  IBM computer 

via an on-line card reader. 

da te  on the  hidden-line problem i s  expected t o  be completed by ear ly 

f a l l  1966. 

A p lo t t i ng  

This routine i s  an extension of GRAPHPAK I 

A modification planned f o r  t he  near future  

A technical report  describing the  work t o  



V. RECOGNITIOA OF 3D OBJECTS FRO14 THEIR PROJECTIONS 

?luring the  pas t  year a study w a s  s t a r t ed  t o  determine t o  what 

degree it is  possible t o  recognize athree-dimensional object from one 

o r  more perspective projections of the object.  This problem arises f o r  

example i n  connection with space exploration where a set of photographs 

of an miden t i f i ed  object are obtained and it i s  desired t o  develop as 

complete as possible a three-dimensional description of  t he  object.  

solution of t h i s  problem requires the correlat ing and combining of d i f fe r -  

ent views of t he  object,  and the  interpolation and extrapolation of t he  

information thus obtained t o  those par t s  of t he  surface fo r  which no v i e w s  

are  available.  Thc extrapolation must be achieved using concepts of 

symmetry, s imi la r i ty ,  balance and any others t h a t  may be applicable. Of 

course t h e  greater  t he  regularity of t he  object,  the  simpler t h i s  task.  

The 

I n  addition t o  the  identifying of unknown objects i n  space, 

applications of t h i s  problem also ex i s t  i n  the  area of deep-sea explo- 

ra t ions ,  i n  microphotography, and i n  t h e  photography of t rans ien t  

phenomena (such as, f o r  example, the reconstruction of the various stages 

of dis integrat ion of an exploding objec t ) .  

-- work on :%is investigation w a s  s t a r t ed  toward the la t te r  half  of 

The i n i t i a l  effort  w a s  concentrated on the  recognition of t h e  past  year. 

simple, regular polyhedral objects, using only one or  two photographs of 

t h e  objects i n  each case. 

photographed from various observation points and under various l igh t ing  

conditions. 

Simple polyhedral objects were constructed and 

A study w a s  made of cer ta in  precedence re la t ions  t h a t  can be 
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established regarding the  portions of an object as they will be apparent 

i n  a photograph taken from a per t icular  observation point. 

This work is  s t i l l  i n  i t s  early stages and t he  exact course the  

research will take has not been firmly established as yet .  

far i s  described i n  a report  currently i n  preparation. 

The work thus 

6 
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